Resonantly enhanced multiple photon dissociation of gas-phase SF 6 − and SF 5 − is studied using tunable infrared light from the FELIX free electron laser. The photodissociation spectrum of the sulfur hexafluoride anion, producing SF 5 − , is recorded over the spectral range of 250-1650 cm −1 . The infrared multiple photon dissociation cross section exhibits a strong, broad resonance enhancement at 675 cm −1 in agreement with the calculated value of 3 , one of the two IR-active fundamental vibrational modes predicted for the O h -symmetry ion. Much weaker absorption features are observed in the spectral region of 300-450 cm −1 as well as at 580 cm −1 that are not easily assigned to the other IR-active fundamental of SF 6
I. INTRODUCTION
The sulfur hexafluoride and pentafluoride negative ions are well-studied stable molecular anions that are of practical and fundamental physical interest. SF 6 is a relatively inert, nontoxic, and volatile molecule of great practical utility because it attaches low-energy electrons with a cross section approaching the maximum allowable for s-wave capture ͑ 2 / 4 2 ͒. 1 Among many applications, SF 6 is widely employed to increase the dielectric strength of gases ͑electrical transmission and distribution systems, circuit breakers, etc.͒, as a plasma etching gas, and in charged particle accelerators.
As with all molecules of industrial utility, their environmental impact is of eventual concern. Inadvertent release of SF 6 exhibits a greater global warming potential relative to CO 2 due to its atmospheric stability and very strong infrared ͑IR͒ absorption band in a region of the solar spectrum where there are few overlapping atmospheric absorptions. The lifetime of SF 6 in the atmosphere 2 may be determined in part by the reactions of SF 6 − due to the chemical inertness of SF 6 . Significant attention has been given to the physical properties of SF 6 due to this practical interest and a review of these properties has been provided by Christophorou and Olthoff. 3, 4 There is general agreement upon the experimentally determined properties of SF 6 − , but some significant interest currently exists in resolving discrepancies in reported electron autodetachment lifetimes [5] [6] [7] and electron affinities. [8] [9] [10] [11] [12] The SF 6 − anion has also proven to be a challenging molecule for computational investigation. Different methods have produced widely varying results, both for electron affinity and for harmonic frequency values. Density functional theory ͑DFT͒ methods have been shown to produce discrepancies in computed molecular structure based upon the functional used. 13 Calculations with certain functionals have produced an interesting feature of the SF 6 − potential energy surface suggesting a global minimum on the potential energy surface of C 4v symmetry. The lowest unoccupied molecular orbital of SF 6 is of A 1g symmetry so SF 6 − is expected to retain the O h symmetry of the neutral since this orbital is not degenerate and thus not Jahn-Teller active. An anion structure of lowered symmetry would therefore be unexpected. MP2 methods do not show this tendency to a lower symmetry, as demonstrated by the computations of Gutsev and Bartlett 14 and Miller et al. 15 Higher-order ab initio harmonic vibrational frequency calculations using coupled-cluster methods including only double excitations ͑CCD͒ with the aug-cc-pVDC basis set presented in a study of the electron detachment from metastable SF 6 ‫ء−‬ also found SF 6 − to be at an O h minimum. 5 However, as is explored in the current study, this result is basis set dependent for the CCD methods because the C 4v minima explored in the DFT calculations of Brinkmann and Schaefer 13 are repeated for certain basis sets. Even between methods that agree upon O h symmetry struc-tures, the computed frequency values for the low-energy IRactive 4 mode can be quite different. DFT and CCD methods produce a frequency for this vibrational mode that is roughly half that of the MP2 methods.
This disagreement between computational methods has implications beyond spectroscopy; for example, the vibrational frequencies of negative ions obtained from computations are used in models of the dynamics of electron transfer processes in molecules. 5, 7, [10] [11] [12] Results of various computations 5, 14, 16 of the vibrational frequencies of SF 6 − were used to model the autoionization lifetime of metastable SF 6 ‫ء−‬ . 5 This model was shown to be very sensitive to the values of the calculated vibrational frequencies, in particular, showing a clear difference between MP2 and other methods. A recent study suggesting a revision of the SF 6 electron affinity from a value of 1.05 eV ͑Refs. 8 and 9͒ to 1.2 eV uses MP2 computed frequencies of Gutsev and Bartlett 14 in order to model the electron transfer characteristics. 12 Since modeled equilibria using the molecular anion vibrational density of states are particularly sensitive to magnitudes of the lowestenergy vibrational modes, the vibrational frequency values employed within these models are very important. Ab initio and DFT computations are extremely useful for providing reasonable estimates of anion vibrational frequencies; however, experimental constraints upon these values are essential, especially in cases of disagreement between methods. Vibrational spectroscopy is an effective means of determination of structural symmetries and evaluation of harmonic frequency calculations. One method of obtaining information about the vibrational modes of isolated gas-phase ions is through action spectroscopy techniques such as infrared multiple photon dissociation ͑IRMPD͒ spectroscopy. [17] [18] [19] There are previous publications regarding experimental observation of the 3 vibrational frequency of SF 6 − . A study of Lugez et al. 16 obtained a value of 620 cm −1 for SF 6 − embedded in a neon matrix. Bopp et al. 20 reported observation of the 3 frequency of SF 6 − from the IR photodissociation of the SF 6 − ͑Ar͒ n van der Waals complex for n = 1 and 2. The peak showed a doublet structure that may be related to symmetry-breaking effects due to the Ar atom͑s͒, but a well resolved larger peak allowed for an assignment of the IRactive 3 frequency as 683͑5͒ cm −1 . Finally, another value based upon experimental data comes from the paper of Borrelli 21 that suggested 680 and 110 cm −1 for the 3 and 4 modes, respectively, based upon the interpretation of the Frank-Condon overlap in the photoelectron spectrum of SF 6 − . 20 These previous experimental results provide limited means for discrimination between computational methods because the primary source of discrepancy, the 4 mode, is not observed and the calculated values of the 3 mode are all within the range of a possible spectral shift that might be expected from a matrix-isolated or Ar-tagged measurement. The predicted position of the 4 band ͑100-250 cm −1 ͒ makes it difficult to access experimentally, but observation of the 3 band for isolated SF 6 − anions might be expected to provide some grounds for assessment of the validity of computational methods. Employing the technique of IRMPD spectroscopy, the current study provides the first experimental gas-phase IR spectrum of isolated SF 6 − . The spectrum is interpreted with the aid of the diverse available computational and experimental results for SF 6 − , and those methods are, in turn, evaluated in the context of the current study. New computational results are presented for SF 6 − and, in particular, the disagreement between MP2 and other methods is examined.
Dissociative electron attachment to SF 6 is well known to produce an abundance of fragment anions. 22 The primary dissociation product from low-energy electron attachment to SF 6 is SF 5 − , which is highly stable relative to the SF 5 radical. SF 5 has a very large electron affinity, 15, 23 as much as 3 eV higher than the SF 6 electron affinity of ϳ1 eV. 8, 9 The vibrational spectrum of SF 5 − has been reported as a Cs + salt 24 and has also been studied by matrix isolation techniques. Lugez et al. 16 reported observations of SF 5 − vibrational frequencies from SF 5 − embedded in a neon matrix, assigned upon the basis of DFT frequency calculations. The current study provides the first isolated gas-phase vibrational spectrum of the SF 5 − anion. The calculation methods employed for SF 6 − are also used to provide novel results for the SF 5 − anion, and these results are used to interpret the IRMPD spectrum. The minimum energy configuration of SF 5 − is unambiguously calculated to be of C 4v symmetry in agreement with the calculations of Miller et al. 15 and King et al. 23 The SF 5 − IRMPD spectrum is observed and, unlike SF 6 − , the major features are all unambiguously assigned to IR-active fundamentals. The dissociation of metastable SF 6 ‫ء−‬ to produce SF 5 − has been shown to play a competitive role in the determination of the electron autodetachment lifetime.
6,10-12 Spectroscopic investigation of the SF 5 − anion can ultimately be expected to improve the thermodynamic parameters in models of these processes, as well as help evaluate harmonic frequency calculations for SF 6 − .
II. EXPERIMENTAL DETAILS
The experiments were performed by irradiation of ions trapped in a Fourier Transform Ion Cyclotron Resonance ͑FTICR͒ mass spectrometer, which is described in detail elsewhere. 25 The SF 6 − ions were generated by electron attachment to SF 6 followed by collisional and radiative stabilization. SF 5 − was formed by low-energy dissociative electron attachment to SF 6 . The free electrons were generated with a filament heated by passing a 4.5A current and held at a bias of −90 V relative to ground. The SF 6 source housing was held at a less negative bias of −79 V; thus electrons impacted the SF 6 gas target with approximately 11 eV of energy, but electron attachment occurred from an energy distribution centered at lower energy due to collisional cooling.
The background pressure of 2 ϫ 10 −6 torr in the electron ionization source chamber increased with addition of the SF 6 sample to 5 ϫ 10 −5 torr. The background pressure was less than 10 −7 torr in the ion cyclotron resonance ͑ICR͒ cell and ion optics region. The ion optics consist of a source region followed by a quadrupole bender and octopole guide into the ICR cell. The ions are stored in the analyzer cell for many seconds and are thus thermally stabilized at approximately room temperature before irradiation. The parent ion of the species under study is isolated by a stored waveform inverse Fourier transform pulse. 26 A wide range of negative ions is produced from electron collisions with SF 6 : F − , SF 4 − , SF 5 − , and the dominant SF 6 − ion. This wide range of ions is a result of the broad energy distribution of the electron beam. For the SF 6 − experiments, the parent SF 6 − ion was mass selected from the other ions produced before irradiation. For SF 5 − , the initial SF 5 − signal was enhanced by sustained offresonance rf excitation 27 of SF 6 − , promoting fragmentation to SF 5 − , and then subsequent isolation of the SF 5 − anion prior to IR irradiation.
Dissociation of molecular ions with IR laser radiation from the FELIX ͑Ref. 28͒ free electron laser has been described in detail in a thorough review. 18 The bandwidth of the FELIX radiation is transform limited at ϳ0.5% full width at half maximum of central wavelength ͑e.g., 3 cm −1 at 600 cm −1 ͒. The isolated ions were irradiated for 450 ms, corresponding to three FELIX macropulses. Each macropulse was ϳ5 s in length and consisted of 5000 micropulses of ϳ1 ps duration. Four mass spectra were averaged for each wavelength setting to produce a spectral point. Power as a function of wavelength was measured, and the spectra were linearly normalized and wavelength calibrated. Calibrated spectra were averaged over multiple runs to yield the final spectra.
III. COMPUTATIONAL DETAILS
The vibrational frequencies and IR absorption activities as calculated by ab initio and DFT methods in concert with previous calculations facilitate interpretation of the IRMPD spectra. Calculations of the predicted vibrational spectra and anion molecular structure are performed with Gaussian Inc.'s GAUSSIAN03 program. 29 Geometry optimizations and frequency calculations are performed with MP2 methods as well as with CCD methods using relatively small to moderate basis sets. The CCD methods are used instead of the more appropriate coupled-cluster method including single, double and perturbative triple excitations ͑CCSD͑T͒͒ and/or the MP4 method including single, double, triple and quadrupole excitations ͑MP4͑SDTQ͒͒ due to limitations of computational resources. These results are compared to the results of earlier studies using DFT, 16, 23 MP2, 5, 14 and CCD ͑Ref. 5͒ methods. The sulfur hexafluoride anion was calculated as a doublet state using unrestricted methods and the sulfur pentafluoride anion was calculated as a singlet state with restricted methods. All ab initio optimization and frequency calculations used the frozen-core approximation. The optimization and frequency calculation methods used for the SF 6 − and SF 5 − anions all show less than 10% error in the calculated bond length and vibrational frequencies when applied to the SF 6 neutral, including harmonic frequencies scaled by a factor of 0.95.
IV. RESULTS AND DISCUSSION
A. Dissociation and detachment channels of SF 6 − and SF 5
−
The observed products of IRMPD are in agreement with what would be expected from thermodynamics as the lowestenergy dissociation pathways were observed for each ion. Multiple photon dissociation of SF 6 − resulted primarily in SF 5 − , and irradiation of SF 5 − produced F − ions. For SF 6 − , the dissociation to SF 5 − is energetically favored over dissociation to F − by approximately 0.6 eV, with a dissociation energy of approximately 1.6 eV according to G2 and G3 calculations. 15 The energy required for each of these bond dissociation reactions is considerably less than the vertical detachment energy of SF 6 − at approximately 3 eV. 20 According to both DFT and ab initio methods, the dissociation energy to produce the SF 4 − and F radicals from SF 5 − is approximately 1-2 eV larger than the dissociation energy of approximately 2.4 eV to produce SF 4 and F − . The vertical detachment energy of SF 5 − is more than 4 eV according to DFT ͑Ref. 23͒ and ab initio 15 calculations. The fact that the dissociation energies of SF 6 − and SF 5 − are comparable to the electron affinities suggests that electron detachment from the SF 5 − and SF 6 − anions might compete with the dissociation process. This was observed indirectly for SF 5 − since the depletion of the parent ion signal is found to be greater than the sum of the fragment ion signals observed by photodissociation. SF 5 − autodetachment was also positively identified. As shown in Fig. 1 , due to the small amount of background neutral SF 6 in the FTICR cell, free electrons produced from SF 5 − IR photodetachment produce a detectable SF 6 − signal from electron capture that correlates with the IR activity in the SF 5 − spectrum as demonstrated by the dissociation resonances. Photodetachment may also occur for SF 6 − , but this was not necessarily experimentally discernable in the current configuration. The possibility of SF 6 − photodetachment was investigated by addition of CCl 4 background gas to the FTICR cell. Dissociative electron capture to CCl 4 to form Cl − was not observed, suggesting that the dissociation process may dominate over electron detachment in the present experiment. However, this is only suggestive and not conclusive, as the CCl 4 background pressure was only one order of magnitude larger than the neutral FIG. 1. ͑Color online͒ SF 5 − photodetachment ͑middle͒ and photodissociation ͑bottom͒ spectra. The photodissociation and photodetachment resonances from SF 5 − can be compared to the depletion of the parent ion ͑top͒. The SF 6 − appearance spectrum ͑middle͒ is due to the electron scavenger behavior of residual SF 6 in the FTICR cell. SF 6 background pressure, perhaps too low to overcome the greater efficiency of SF 6 toward low-energy electron capture. Nonetheless, the failure to observe SF 6 − autodetachment leading to dissociative electron attachment to CCl 4 is not inconsistent with recent work regarding the competition between these two processes. The studies of Troe et al. 11 and Graupner 6 et al. showed that the rate of dissociation effectively competes with that of detachment when the internal energy of the ion is greater than the dissociation threshold of approximately 1.6 eV. Application of a model for the multiple photon IR excitation dynamics 18 suggests a mean energy of ϳ2 eV for the excited SF 6 − anion. One could thus interpret the lack of indirect SF 6 − photodetachment signal as indicative of dissociation dominating over detachment.
B. SF 6 − observed and calculated spectra: Spectral assignments
Harmonic vibrational frequencies resulting from ab initio and DFT computations for SF 6 − constrained to O h symmetry are shown in Table I . Examination of this table reveals that there is an overall agreement between the different methods employed. 5, 14, 16 In general, however, the MP2 results differ from the DFT and CCD results with regard to the 3 and especially the 4 mode. The CCD method is expected to improve upon the MP2 results, but with some basis sets of moderate size, such as 6-311+ G͑S:2d ,F:d͒, the CCD method produces imaginary frequencies at O h geometries and optimizes to the lowered symmetry explored by Brinkmann and Schaefer. 13 This result would seem likely to be an artifact because when the aug-cc-pVDZ basis is used with these same methods the expected O h structure is produced.
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MP2 methods do not produce this feature regardless of the basis set employed; increasing the basis set size for the MP2 calculations does not produce any significant shift of predicted frequencies, only a slight reduction in the values of the 3 and 4 frequencies. This disagreement among the methods for the frequency of the lowest-energy T 1u mode, 4 , is related to the issue of lowered symmetry. Essentially, the discrepancy among calculations pertaining to the 4 mode extends even to the direction of curvature of the potential energy surface. This might suggest that the CCD method is suspect as employed for this anion. In particular, the use of CCD methods instead of CCSD͑T͒ may be particularly problematic due to the lack of inclusion of triple excitations. MP4͑SDQ͒ harmonic frequency calculations show the same strong basis set dependence as the CCD frequency calculations and the importance of triple excitations in the MP4͑SDTQ͒ method has been demonstrated. 30 The SF 6 − calculations of the current study therefore do not add to the previously published calculations for purposes of spectral interpretation, and in fact suggest some degree caution regarding the previous computational results. Nonetheless, while it is clear that further theoretical work regarding the SF 6 − potential energy surface is required, the available calculations shown in Table I do provide a sufficient basis for spectral interpretation.
The CCD/aug-cc-pVDZ and DFT results show a dramatic decrease of the 4 frequency compared to the MP2 results, with MP2 methods predicting a band above 250 cm −1 , and DFT and CCD calculations always falling well below 150 cm −1 . This is the main point of difference between the methods, although there is also a tendency for the MP2 methods to predict a moderately larger value for the 3 mode. While the largest point of difference between the MP2 and the other methods is thus on the edge of spectral range of the current study, sufficient difference also exists in the predicted positions of the 3 fundamental to facilitate evaluation between these calculation methods. The IRMPD spectrum of SF 6 − is shown in Fig. 2 . Based on comparison with the calculated frequencies in Table I , the large peak with a maximum at 675 cm −1 is interpreted as the 3 mode of SF 6 − . This gas-phase value compares favorably 20 using the Ar-tagging method. It is considerably higher than the value of 620 cm −1 obtained by Lugez et al. 16 for SF 6 − embedded in a neon matrix. The calculated frequencies for this mode roughly agree within the methods and with the data, so this low-resolution assignment is unambiguous. The doublet structure of this band reported in the Ar-tagged spectrum by Bopp et al. 20 was not observed. It is possible that the width of the IRMPD band may obscure this feature. It is also possible that this splitting is not an inherent feature of the SF 6 − anion, but is induced by perturbations from the rare-gas atom. It is noteworthy that the center of the peaks observed in the Ar-tagged spectrum of Bopp et al. 20 is quite close to the band center of the data presented in Fig. 2 .
Left unscaled, the calculated frequencies for the 3 mode are too large, but application of a common scaling factor of 0.95 to the ab initio calculations gives an improved comparison, yielding a value of 686 cm −1 for the MP2 calculation of Gutsev and Bartlett 14 and 677 cm −1 for the CCD/aug-ccpVDZ ͑Ref. 5͒ calculation. The CCD/aug-cc-pVDZ calculation produces a closer match for this band than the MP2 calculations of the same basis set size. However, scaled MP2 calculations using larger basis sets resulted in lowered values for the 3 and 4 modes. For example, the MP2 / 6-311 +G͑3df͒ calculation produces an improved scaled frequency value of 673 cm −1 for the 3 mode. Aside from the main absorption band at 675 cm −1 , additional features are observed at 400 and 580 cm −1 in the experimental spectrum, but none of the O h -symmetry calculations predict an IR-active fundamental within 100 cm −1 of this range. The lowest-energy band is not easily assignable to the IR-active fundamental of the 4 mode, which is the main point of difference between the different computational methods. MP2 methods unanimously suggest a frequency in the range of 250-300 cm −1 , and CCD and DFT methods suggest a vibrational frequency of approximately half this value or less. Thus, both resonances are too high in energy to be interpreted as arising from the other IR-active SF 6 − fundamental vibration. There is no sign of an absorption feature at the far red edge of the spectrum, 250 cm −1 , where experimental constraints did not permit investigation at longer wavelengths. Like the SF 6 neutral, SF 6 − is expected to show a much stronger absorption cross section for the 3 mode as compared to the 4 mode. Thus, it is possible that this band is weak, but dissociation to SF 5 − is facile enough that it is reasonable to suggest the 4 band must be at a frequency lower than 250 cm −1 , especially considering the width of the observed spectral features.
The absorptions in the region between 300 and 600 cm −1 may be due to combination bands, which play a significant role in the SF 6 neutral IR spectrum. 31 Assuming the SF 6 − anion is of O h symmetry such as the parent neutral, the symmetry-allowed binary combination bands are surprisingly few. IR-active combination bands must contain the T 1u representation within the symmetry product. From the symmetry direct product table of the O h point group 32 it is determined that the binary combinations that contain this representation are A 1g T 1u , E g T 1u , E g T 2u , T 2g T 1u , and T 2g T 2u . Table II lists the possible combination bands, their symmetries, and predicted harmonic energies.
Upon examination of Table II , the low-energy resonance at 400 cm −1 is interpretable as arising from various possible candidates such as the 1 − 4 difference band, the 5 + 4 band, and/or the 3 − 5 band. The SF 6 neutral shows a significant activity for the 1 Ϯ 4 bands, 31 and thus its anion of same symmetry might be expected to do so as well, especially considering the high populations of excited vibrational states present in the low-frequency 4 mode even at room temperature. Like the SF 6 neutral, there are symmetryallowed binary combination bands in the same spectral region as the 3 fundamental. The large width of the main absorption feature may also be due in part to contributions FIG. 2 . ͑Color online͒ Observed SF 6 − IRMPD spectrum. Abundance of the SF 5 − photoproduct, which peaks at 675 cm −1 , is plotted vs laser wavelength. The spectrum shown is the average of multiple runs. The inset shows two independent runs over the unassigned spectral feature at lower wavenumbers. from potentially interfering combination bands such as 1 + 4 and/or 2 + 6 . The failure to observe any combination bands to the far high-energy side of the 3 fundamental suggests that some degree of caution should be used in applying this interpretation, but IRMPD experiments often show enhancement of IR activity on bands to the low-energy side of a strong band. 18 This is because absorption is enhanced due to the strong band slowly shifting into resonance as the ion becomes energized, as a consequence of the anharmonicity of the potential. The close agreement of the scaled MP2 / 6-311+ G͑3df͒ harmonic frequency calculations to the observed value of the 3 vibrational mode is at odds with the failure to observe the predicted 4 band at energies above 250 cm −1 . This suggests that the DFT and CCD results are more accurate in regard to the lower value for the 4 vibrational mode. Thus, the best overall agreement for spectral interpretation is obtained using the scaled CCD/aug-cc-pVDZ calculation with values of 678 and 135 cm −1 for the 3 and 4 modes, respectively. This interpretation is supported by the photoelectron spectrum Frank-Condon analysis of Borrelli 21 that predicts a value of 680 cm −1 for the 3 mode and simultaneously suggests a value of 110 cm −1 for the 4 mode of SF 6 − .
C. SF 6 − observed spectrum: Spectral peak width
The extreme width of the 3 SF 6 − band is striking, and the effect of laser power is examined to determine if it is an inherent feature of the band. As shown in Fig. 3 , measurements at lower laser power gave somewhat narrower IRMPD peaks. The very small redshift observed at lower laser pulse energies is probably caused by the fact that at lower laser powers only the hottest wing of the Boltzmann distribution is excited to above the dissociation threshold; these hotter molecules are slightly more influenced by anharmonicity explaining the slight redshift. The broadening persists despite a much reduced power, and thus appears not to be a saturation effect. The source of this broadening is also not expected to result from internally "hot" ions since there is a delay on the order of seconds from the time of SF 6 − formation to laser irradiation, and thus it is expected that the anions are collisionally and/or radiatively thermalized to room temperature. Using an electrospray ionization source, we have reported IRMPD anion spectra with much narrower bandwidths 33 so that the broadening is not an inherent feature of anion IRMPD spectra. It is known that the degree of vibrational anharmonicity is a factor in the broadening of IRMPD band profiles. 18 In addition, potentially interfering combination bands such as the symmetry-allowed 1 + 4 are predicted in the spectral region. This would mean that the increased bandwidth is an inherent property of this particular species as probed by IRMPD spectroscopy, and does not necessarily conceal well-defined observable structure. The peak maximum of the unattenuated scans is reported as the 3 peak position because this value is highly reproducible, as shown in the comparison of the unattenuated 0 dB single scan to the average of multiple runs in Fig. 3 .
D. SF 5 − observed and calculated spectra: Spectral assignments
There is no ambiguity in the general symmetry of the calculated structure and for the vibrational frequencies of the   FIG. 3 . ͑Color online͒ Attenuated SF 6 − IRMPD spectra. Abundance of the SF 5 − photoproduct is plotted vs laser wavelength at varying degrees of laser attenuation. The spectrum shown as a dotted line is the average of multiple full-power runs. The predicted vibrational spectra of SF 5 − calculated by MP2 and CCD methods with the aug-cc-pV͑S:TZ,F:DZ͒ basis set ͑aug-cc-pVDZ on the fluorine atoms and aug-ccpVTZ on the sulfur atom͒ are shown in Fig. 4 . As is the case for SF 6 − , comparison of the predicted spectra with the observed spectrum allows for an assessment of the quality of the various calculation methods employed. For visual comparison the predicted and observed SF 5 − IR spectra are stacked in Fig. 4 . The IR wavelength dependence of the dissociation of SF 5 − into F − showed at the top panel of Fig. 4 assignments of 795, 603, and 470 cm −1 . The unperturbed gas-phase frequencies show that the matrix and solid-phase spectra slightly blueshift the 1 and 8 bands. As shown in the middle panel of Fig. 4 , the best agreement is obtained with the scaled CCD/aug-cc-pV͑S:TZ,F:DZ͒ calculation. The MP2 results with the same basis set, as shown in the bottom panel of Fig. 4 , do not give entirely satisfactory agreement with or without an applied scaling factor.
V. CONCLUSIONS
Analysis of the IRMPD spectra in terms of the computational results provides a confident assignment of the observed SF 5 − anion spectrum and a reasonable assignment of the SF 6 − spectrum. The major feature of the SF 6 − spectrum is assigned unambiguously to the 3 fundamental band, in agreement with the work of Bopp et al. 20 and Borelli, 21 confirming the presence of an anion of O h symmetry. The peak shown in Figs. 2 and 3 does not appear to be split into a multiplet structure as reported in the Ar-tagging results of Bopp et al., 20 but the peak is sufficiently broadened that this structure may be obscured.
The present results provide an experimental benchmark for a molecular anion of considerable interest that has proven to be difficult to model computationally. The disagreement between MP2 and other methods is not fully resolved, but the failure to observe any IR absorptions from the 4 band in the range of 250 cm −1 suggest that the DFT and CCD methods are possibly more accurate in predicting the value of the lowest vibrational frequency of SF 6 − . This interpretation is in agreement with the Frank-Condon analysis of the SF 6 − photoelectron spectrum 20 of Borelli, 21 and has important implications for models of SF 6 − electron transfer employing anion densities of states as parameters.
The IR spectrum of SF 5 − is observed and confidently interpreted on the basis of novel computations. The calculated symmetry and therefore structural characteristics are confirmed, and based upon comparison to the IR dissociation spectrum, the scaled frequencies of the CCD/aug-ccpV͑S:TZ,F:DZ͒ calculation are shown to provide a good computational model for the SF 5 − anion. The matrix-isolated 16 and Cs + SF 5 − salt 24 spectra are shown to be slightly blueshifted relative to the gas-phase spectral bands. In addition to the SF 5 − dissociation spectrum, the wellknown electron attachment behavior of SF 6 has been demonstrated to provide a means for detection of SF 5 − photodetachment. The use of SF 6 and other molecules with large lowenergy electron attachment cross sections for this type of low-energy free electron detection is commonly referred to as the SF 6 scavenger technique and has also been successfully employed to observe electronic and transient negative ion states in many electron scattering studies as discussed in a recent review. 34 This observation of IR multiple photon photodetachment from SF 5 − using the SF 6 electron scavenger is worthy of further investigation since it has the potential to be developed into an effective form of IR action spectroscopy of gas-phase negative ions for which the photodetachment process competes with photodissociation. These methods have been employed previously 35 using CCl 4 as the electron capture molecule, although not with a free electron laser and not with the same success in correlating detachment and dissociation resonances. Dr. A.F. G. van der Meer, for their excellent support. This work is part of the research program of FOM, which is financially supported by the Nederlandse Organisatie voor Wetenschappelijk Onderzoek ͑NWO͒. R.N.C. gratefully acknowledges financial support provided by the National Science Foundation ͑No. CHE-0352398͒, and we also gratefully acknowledge additional travel funding provided by the NSFsponsored High Field FTICR Facility at the National High Magnetic Field Laboratory in Tallahassee, Florida.
